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Abstract

Background and Objective: Gap junction (GJ) dysfunction induced by altered expression of connexin are associated with the pathogenesis of
diabetes cardiovascular complications. The authors explored the effects of rutaecarpine, an active ingredient of Chinese herbal medicine Evodia,
on GJ dysfunctioninduced by high glucose. Materials and Methods: Human umbilical vein endothelial cells (HUVECs) were treated with different
concentration of high glucose (5.5, 22, 33 and 44 mM) for 48 h and mannitol group (5.5 mM glucose plus 27.5 mM mannitol) as osmotic control.
To test the effects of rutaecarpine, cells were pretreated with 0.1, 0.3 and 1 uM rutaecarpine for 10 min before high glucose (33 mM) treatment.
The protein level of connexins were detected by western blot. The GJ function of endothelial cells was measured by scrape-loading dye transfer
experiments. Endothelial cell function was evaluated by cell viability (MTT), NO production and ROS level (DCFH-DA). Results: Western blot
indicated that high glucose 33 or 44 mM reduced the level of Cx37, but had no impact on expression of Cx40 and Cx43. Scrape-loading dye
transfer showed that high glucose impaired PI Cx37-permeant dye diffusion between HUVECs. Pretreatment with rutaecarpine (0.1, 0.3 and
1 uM) recovered the level of Cx37, thereby improving Pl-mediated GJ communication and prevented endothelial dysfunction, as indicated by
increased cell viability and NO production, as well as decreased ROS level. Additionally, flow cytometry showed that rutaecarpine induced the influx
of Ca?*. These effects of rutaecarpine were attenuated by capsazepine, an antagonist of transient receptor potential vanilloid subtype 1 (TRPV1).
Conclusion: These data indicate that rutaecarpine prevented high glucose-induced GJ dysfunction by recovering Cx37 level via activation of
TRPV1.
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INTRODUCTION

Cardiovascular complications are the main cause of
morbidity and mortality in diabetes. Hyperglycemia appears
to be an important etiologic factor in the development of
micro-and macrovascular complications in diabetic patients'.
However, the cellular mechanisms involved remain
incompletely understood.

Emerging evidence suggests that gap junctions
intercellular communication (GJIC) plays an important role in
cardiovascular tissue homeostasis?. Gap junctions are
intercellular membrane channels that allow the exchange of
metabolites, ions and second messengers between adjacent
cells. GJs are composed of connexins (Cxs), a large family of
transmembrane proteins. To date, approximately 20
mammalian Cx isotypes have been identified. Vascular
endothelial GJIC is mediated by the Cx proteins Cx37, Cx40
and Cx43, which are involved in maintenance of endothelial
function3. Endothelial dysfunction is considered a major risk
factor of cardiovascular complications of Type 1 and Type 2
diabetes. Previous studies had shown that high glucose level
or a diabetic state alters the expression of connexin or GJ
function in some types of vascular endothelial cells, which
may contribute to endothelial cell dysfunction in diabetes’.
High glucose inhibited GJIC activity by reducing Cx43
expressionin rat microvascularendothelial*and bovine retinal
endothelial cells®, which may be related to diabetic
retinopathy. Additionally, coronary ECs isolated from diabetic
mice exhibited lowered protein levels of Cx37 and Cx40 (but
not Cx43) and a loss of GJIC, which contribute to coronary
vascular dysfunction in diabetes®. However, little is known
about the effect of high glucose on connexin expression and
GJIC function in macrovascular endothelial cells. In this study,
the authors investigated the effects of different high glucose
concentrations on connexin level and GJIC activity in cultured
human umbilical vein endothelial cells (HUVECs).

Rutaecarpineis the major quinazolinocarboline alkaloidal
compound of Evodia rutaecarpa ('Wu-Chu-Yu'), a well-known
Chinese herbal drug. Rutaecarpine exerts multiple
cardiovascular biological effects, such as positive inotropicand
chronotropic, vasodilation and hypotensive effect, which were
proved to be related to activation of the transient receptor
potential vanilloid subtype 1 (TRPV1)’. TRPV1 is mainly
distributed in the terminals and cell bodies of sensory neurons
and also wildly presented in nonneurons tissues, such as
vascular endothelial cell®. The authors have recently found
that rutaecarpine attenuates Ox-LDL-induced endothelial
dysfunction in cultured HUVECs. These protective effects are
related to the regulation of Cx37, Cx40 and Cx43 expression
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and improvement of GJ function in endothelial cells. These
effects can be blocked by capsazepine, a competitive TRPV1
antagonist, suggesting the key role of TRPV1 in the protective
effects of rutaecarpine®. Thus, the present study was to
evaluate the effects of rutaecarpine on the endothelial injury
and GJ dysfunction induced by high glucose and investigate
whether the effects of rutaecarpine are related to activation of
TRPV1.

MATERIALS AND METHODS

Cell culture and treatment: HUVEC-12, an immortalized
human umbilical vein cell line, was obtained from the
American Type Culture Collection and cultured in DMEM
containing 10% FBS. The cells were maintained in a humidified
incubator at 37°C in a 5% CO, atmosphere until reaching
sub-confluence.

The first series experiments were designed to test the
concentration-dependent effects of high glucose on the
connexins expression and GJIC function in HUVECs.
Endothelial cells were exposed to different dose of glucose
(5.5, 22,33 and 44 mM) for 48 h respectively. To exclude the
effect of hyperosmolarity induced by high glucose, mannitol
group (5.5 mM glucose plus 27.5 mM mannitol) was used as
osmotic control at 33 mM.

The second series experiments were designed to test the
effects of rutaecarpine on HUVECs exposed to high glucose.
Cells were divided into 6 groups: (1) Normal control(5.5 mM
glucose), (2) High glucose groups, where cell damage was
induced by incubation with 33 mM glucose for 24 or 48 h; the
(3, 4 and 5) rutaecarpine groups (+Rut), where cells were
pretreated with 0.1, 0.3 and 1 uM rutaecarpine (Juntuo
Biotechnology Co., Ltd., Shanghai, China), respectively, for
10 min before high glucose treatmentand (6) the capsazepine
plus rutaecarpine group (+CAPZ+Rut), where ECs were
pretreated with 10 uM capsazepine (Sigma Aldrich, St. Louis,
MO) for 10 min before rutaecarpine (1 uM) treatment and the
subsequent incubation with high glucose for 24 or 48 h.

Western blot: The cells were lysed at4°Cand the supernatant
was collected after centrifugation. The protein concentration
was measured using a BCA protein assay kit (Generay Biotech
Co., Ltd., Shanghai, China) and equal amounts of protein
were then separated by 12% sodium dodecyl sulphate
polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene fluoride membrane. After blocking for 2 h with
5% non-fat milk, the membrane was incubated with diluted
primary antibodies (Abcam, Cambridge, UK) against Cx37,
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(x40, Cx43 and B-actin at4°C overnight. After five washes, the
membrane was incubated with a 1:10,000 dilution of
horseradish peroxidase-labelled goat anti-rabbit or goat
anti-mouse antibody (Zhongshan Gold Bridge Bio-Tech Inc,,
Beijing, China) at room temperature for 1 h. The membrane
was developed using enhanced chemiluminescence after five
washes. All experiments were performed with three replicates
each.

Scrape-loading dye transfer experiments: The GJIC in
HUVEC-12 was evaluated using scrape-loading dye transfer
experiments, as previously described®. HUVECs express Cx37,
Cx40 and Cx43; thus, the authors investigated the diffusion of
two dyes: LY, which readily passes through GJs formed by
Cx40 and Cx43 but not through channels formed by Cx37
and Pl, which can pass through Cx37-mediated Gls.
Highly-confluent HUVEC-12 monolayers were rinsed with PBS
and incubated in PBS containing 0.5% lucifer yellow (LY) and
5 g L= propidium iodide (PI; Sigma Aldrich, St. Louis, MO,
USA). Cells were scraped by applying gentle pressure with a
scalpel blade before they were incubated at 37°Cin the dark
for 5 min. The dye mixture was removed and the cells were
washed thrice in PBS before they were immediately fixed in
4% paraformaldehyde. The cells were recorded and
analysed using the Wildfield High-Content Screening System
(Molecular Devices, USA). Cells stained with LY or Pl from the
scrape-loaded cells were considered to communicate via GJs.
Thus, GJIC was determined by counting the number of cells
stained by LY or Pland expressed as percentage of the control.

Flow cytometric measurement of intracellular calcium
concentration: Cells cultured in 12-well plates were loaded
with 5 uM Fluo-3-AM (Ca%*- sensitive dye) in the dark for
30 min at 37°C and then were rinsed 3 times with PBS to
remove free dye. After trypsin digestion, cells were collected
and resuspended in PBS. Fluo-3-loaded cells were then were
stimulated with different doses of Rut for 5 min. Fluo-3-AM
fluorescence was measured on the flow cytometer with
emission wavelengths of 525 nm and excitation wavelengths
of 488 nm.

Cell viability assay: Cell viability was determined by the
tetrazolium salt MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay (Sigma Aldrich, St. Louis,
MO, USA), according to standard techniques. The optical
density of each sample was immediately measured using an
ELISA microplate reader (ELX800; USA) at 490 nm.
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Nitric oxide (NO) concentration: The NO levels in the
conditioned medium were measured using an NO assay kit
(Jiancheng Bioengineering Institute, Nanjing, China). In brief,
the nitrates in the medium were converted to nitrite and then
measured using the Griess reagent. The absorbance of each
sample was determined at 540 nm using a
spectrophotometer.

Reactive oxygen species (ROS) assay: The level of cytosolic
ROS was measured by use of DCFH-DA (Beyotime, China).
Briefly, HUVECs cells were washed with PBS and incubated
with DCFH-DA for 30 min at 37°C with gentle shaking.
DCFH-DA was initially nonfluorescent and was converted
by oxidation to the fluorescent molecule DCFH. DCFH
fluorescence was then quantified by use of a SpectraMax
Paradigm Multi-Mode Microplate Reader Fluoroskan Ascent,
Molecular Devices,USA at kex 488 nm/kem 525 nm.

Statistical analysis: Data were expressed as Mean=+SEM. All
values were analyzed by using one-way ANOVA and multiple
comparison test (the Student Newman Keuls t-test) by using
SPSS version 13.0. The acceptable value of significance was
p<0.05.

RESULTS AND DISCUSSION

High glucose reduces Cx37 level and inhibits GJIC function
in HUVECs: The concentration-dependent effects of high
glucose on the expression of connexins in HUVECs were
assessed via Western blot analysis. Cultured HUVECS
expressed Cx37, Cx40 and Cx43. Exposure to 22 mM glucose
for 24 hfailed to affect the level of connexins. The protein level
Cx37 was remarkably down regulated when the concentration
of glucose reached 33 and 44 mM. Whereas Cx40 and Cx43
remained unchanged. Mannitol (as osmotic control of 33 mM)
had no effect on the level of connexin, eliminating the
influence of medium hyperosmolarity Fig. 1a and b.
Scrape-loading dye transfer experiments on HUVECs were
performed to determine whether high glucose affected GJIC
function in HUVECs. HUVECs express Cx37, Cx40 and Cx43;
thus, the authors investigated the diffusion of two dyes: LY,
which readily passes through GJs formed by Cx40 and Cx43
but not through channels formed by Cx37 and PI, which can
pass through Cx37-mediated GJs. Scrape-loading of cultured
HUVECs enabled a prominent diffusion of Pl, whereas LY
diffusion was mostly limited to the injured cells as shown in
Fig. 1c. Exposing HUVECs to high glucose (33 and 44 mM)
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Fig.1(a-d): (a-b) High glucose reduced Cx37 level in HUVECs. Western blot showing the protein levels of Cx37, (x40 and Cx43 in
HUVECs exposed to different concentration of glucose (5.5, 22, 33 and 44 mM) and (c-d) High glucose inhibited GJIC
functionin HUVECs. Scrape-loading dye transfer experiments showing the effects of high glucose (5.5, 33 and 44 mM)
on GJICin HUVECs. GJIC was determined by the diffusion of two dyes, namely, lucifer yellow (LY, green) and propidium
iodide (P, red). (Image magpnification of 200 times). Values are expressed as the Mean+SEM, n = 3. *p<0.01 vs. normal

glucose 5.5 mM)

significantly inhibited the intercellular transfer of PI (the
number of stained cells versus controls: 36.3%5.3%),
indicating that Cx37-mediated GJ communication is severely
impaired by high glucose, whereas LY diffusion remained
unchanged.

Rutaecarpine recovers Cx37 GJIC function via activation of
TRPV1: Western blots showed that the reduction effect of
high glucose on Cx37 was reversed by rutaecarpine, which
recovered the level of Cx37 protein in a dose-dependent
manner. Pretreatment with capsazepine, a competitive
antagonist of TRPV1, abolished the effect of rutaecarpine
(Fig. 2aand b).
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Asshownin the scrape-loading dye transfer experiments,
exposing HUVECs to high glucose significantly inhibited the
intercellular transfer of Pl. Pretreatment with rutaecarpine
significantly improved Pl diffusion (which recovered to
116.21+3.8% versus control). By contrast, pretreatment with
the TRPV1 antagonist capsazepine abolished the effects of
rutaecarpine (Fig. 2c and d). These results indicate that
rutaecarpine can prevent the GJIC dysfunction induced by
high glucose in HUVECs via TRPV1 activation.

Additionally, flow cytometry demonstrated that
rutaecarpine induced Ca* influx in a concentration-
dependent manner, which was abolished by capsazepine
(Fig. 2e).
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Fig. 2(a-e): Rutaecarpine recovered the level of Cx37 and GJ function via TRPV1, (a-b) Western blot showing the effects of
rutaecarpine on Cx37 protein in HUVECs exposed to high glucose, (c-d) Scrape-loading dye transfer experiments
showing the effects of rutaecarpine on GJIC in HUVECs exposed to high glucose and (e) Flow cytometry showing
rutaecarpine induced the Ca?* influx via activation of TRPV1. Normal: Exposure to normal glucose (5.5 mM), High
glucose: Exposure to high glucose (33 mM), +Rut: Pretreated with 0.1, 0.3 and 1 uM rutaecarpin (Rut) for 10 min,
respectively, before high glucose treatment, +CAPZ+Rut (1 uM): Pretreated with 10 uM capsazepine (CAPZ) for 10 min
before rutaecarpin treatment, then incubated with high glucose. Values are expressed as the Mean+SEM, n = 3.
*p<0.01 vs. control, #p<0.01 vs. high glucose, +p<0.01 vs. +Rut (1 uM)

Rutaecarpine prevents endothelial cell dysfunctioninduced  for 24 h led to remarkable endothelial cell damage as shown
by high glucose: Exposing HUVEC-12to high glucose (33mM)  in Fig. 3, as indicated by the decreased cell viability and NO
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Fig.3(a-c): Rutaecarpine prevented the high glucose-induced endothelial cell dysfunction. Endothelial cell damage was assessed
by cell viability, which was determined by (a) MTT metabolite, (b) NO level in the culture medium and (c) Intracellular
ROS level. Values are expressed as the Mean =SEM, n = 6. *p<0.01 vs. normal, #p<0.01 vs. high glucose, +p<0.01 vs.

+Rut (1 uM)

production as well as the increased ROS release, all of which
were significantly attenuated by rutaecarpine (0.1,0.3 and
1 uM)inaconcentration-dependent manner. These protective
effects of rutaecarpine were attenuated by capsazepine.

High glucose inhibits Cx37 gap junction in HUVECs:
Endothelial dysfunction is the initiating event of the micro-
and macroangipathy associated with diabetes. GJIC play an
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important role in maintenance of endothelial function'™.
Vascular endothelial cells express three types of connexin,
Cx37, Cx40 and Cx432. In current study, exposure HUVECs to
high glucose 33 mM for 24 h significantly reduced the protein
level of Cx37, whereas Cx40 and Cx43 remained unchanged
even when the concentration of glucose reached 44 mM.
These events were concomitant with the impaired propidium
iodide PI diffusion between ECs, whereas LY diffusion
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remained limited. Pl is a Cx37-permeant molecule, which
readily passes through the Cx37-mediated GJ, whereas LY
diffusion represents Cx40- or Cx43-mediated GJ'. This finding
is partially consistent with the report of Hou et a/'2, which
found that STZ-induced diabetes (on an ApoE deficient
background) down-regulated endothelial Cx37 and Cx40
outside the plaque areas, which was associated with an
increase in the burden of atheroma. Alterations of the
expression patterns of microvascular endothelial Cxs also been
reproted during the high glucose level or diabetic state and
exhibited site and tissue-specific property. Li and Roy*
reported that high glucose 30 mM reduced Cx43 expression
in the rat microvascular endothelial cells*. On the contrary, a
diabetic state down-regulated the protein levels of Cx37 and
(x40, but not Cx43 in coronary ECs isolated from diabetic
mice®. The present study showed, for the first time, high
glucose also altered the expression pattern of Cxs in human
macrovascular endothelial cells.

Cx37 was mainly expressed in arteries of a healthy
individual. It appears that endothelial Cx37 are important in
the maintenance of endothelial quiescence, by favoring a
proper NO release' and by inhibiting leukocyte adhesion™.
Multiple pathological factors, such as atherosclerosis'4, tumor
necrosis factor (TNF)-a'> and disturbed blood flow'¢ have been
shown to reduce the expression of Cx37,which contribute to
the endothelial dysfunction. Additionally, connexin37
polymorphism has proved to be associated with the risk of
peripheral arterial disease in subjects with type 2 diabetes'.
Therefore, it was speculated thatimpaired Cx37 GJ contribute
partially to the endothelial dysfunction induced by high
glucose.

Rutaecarpine improves Cx37 GJIC in HUVECs and prevents
high glucose-induced endothelial dysfunction: Rutaecarpine
is the major active ingredients of Evodia, a traditional Chinese
herbal medicine, which has been proved to exerts multiple
cardiovascular protective effects’. Researchers have recently
reported that rutaecarpine improves GJIC function of HUVECs
exposed to Ox-LDL by increasing the levels of Cx37 and Cx40
but inhibiting Cx43 expression, which contributed to the
endothelial protection of rutaecarpine®. In the present study,
the effects of rutaecarpine on endothelial dysfunctioninduced
by high glucose were observed. As shown in the results, high
glucose (33 mM) for 24 h could induce remarkable endothelial
cell dysfunction, which was observed as decreased cell
viability and NO production, as well as increased ROS level.
Pretreatment with rutaecarpine recovered the Cx37 protein
leveland improved GJ communication by Plin HUVEC treated
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by high glucose and alleviated the high glucose-induced
damage in a concentration-dependent manner, including
increase the endothelial cells viability and NO release
and inhibited ROS production. As mentioned above,
Cx37-mediated GJs play animportantrole in the maintenance
of endothelial function. Hence, these results suggest that
rutaecarpine prevents the GJ dysfunction of endothelial cells
induced by high glucose, which may contribute to, at least in
part, endothelial protective effects of rutaecarpine.

TRPV1 mediates the protective effects of rutaecarpine on
GJICand endothelial function: The ligand-gated nonselective
cation channel (TRPV1),is highly expressed in sensory neurons
but has also beenidentifiedin blood vessels. Authors previous
study confirmed the expression of TRPV1 in HUVECs®.
Increasing evidence shows that rutaecarpine can activate
TRPV1, which mediates multiple pharmacological actions of
rutaecarpine, such as it's inotropic and chronotropic'?,
vasodilation' and cardioprotective effects®. Most recently,
using TRPV1-expressing HEK293 cells and patch-clamp
recording, Wang et a/*' verified that rutaecarpine acted as
partial agonist of TRPV1. In the present study, we observed
that the beneficial effects of rutaecarpine on endothelial
function and GJ communication were attenuated by
pretreatment with capsazepine, a competitive antagonist of
TRPV1. Therefore, TRPV1 mediates, at least in part, the
protective effect of rutaecarpine on ECs.

The mechanisms implicated in the regulatory effect of
TRPV1 on Cx remain unexplored. TRPV1 activation causes a
transient Ca?* influx([Ca?*])?? and the latter has been shown to
affect GJ communication. Ca?" may exert an indirect effect on
GJ by activating calmodulin (CaM), which can binds to
different Cx types and affect GJ function?. Previous study has
reported that rutaecarpine promoted inward Ca?* currents in
cultured ECsisolated from rat thoracic aorta?*. Authors present
study confirmed that rutaecarpine moderately increased
[Ca*]; in HUVECs, which was completely abolished by
capsazepine, indicating rutaecarpine can promote Ca% influx
through activation of TRPV1. However, whether the TRPV1/
[Ca?]; signal pathway is involved in the regulatory effect of
rutaecarpine on GJ still warrants further investigation.

CONCLUSION

The present study shows high glucose reduced Cx37
protein level, leading to GJIC dysfunction in HUVECs.
Rutaecarpine prevented high glucose-induced endothelial
dysfunction by recovering Cx37 GJIC function via activation of
TRPV1.
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These results discovers the protective effect of
rutaecarpine against high glucose-induced GJ dysfunction in
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